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Resumen
La estratigrafía de la secuencia volcano-
sedimentaria en la cuenca de Valsequillo, Puebla 
es investigada por medio de sondeos eléctricos de 
resistividad. Los depósitos en la cuenca preservan 
registros paleontológicos, paleoclimáticos y 
paleoambientales, que incluyen evidencias 
sobre restos fósiles de megafauna asociados 
con artefactos humanos. El reporte de posibles 
huellas de humanos preservadas en la tefra 
Xalnene, con una edad de alrededor de 38 mil 
años, ha atraído nuevamente interés en analizar 
la estratigrafía en Valsequillo. Este estudio se 
realizó en la zona cubierta por la tefra Xalnene, 
en la planicie situada al noroeste del volcán 
Toluquilla, empleando sondeos eléctricos verticales 
(SEVs). Los modelos de inversión de las curvas 
SEVs muestran una secuencia caracterizada por 
unidades de alta y baja resistividad aparente, que 
son asociadas a las tefras, sedimentos lacustres 
y fluviales y rocas volcánicas. Las secciones 
compuestas de resistividad documentan tres 
unidades, con las tefras y sedimentos formando 
una sección de unos 30 m sobre las rocas 
volcánicas. Los datos relacionan las tefras con 
el volcán monogenético, las cuales se emplazan 
en un ambiente lacustre somero. Las secciones 
de resistividad documentan las variaciones 
de espesores de los depósitos. Observaciones 
durante los estudios de campo y adquisición de 
datos proporcionan evidencias adicionales sobre 
el posible origen de las huellas aparentes, que 
estarían asociadas a las excavaciones de las tefras 
como materiales de construcción y los procesos 
de erosión. Estudios de detalle y experimentos 
en laboratorio proporcionarían mayor evidencia 
para entender la morfología y rasgos en las tefras. 
El retiro y actividades de corte están afectando 
significativamente al depósito por lo que se 
requieren de medidas de protección para proteger 
OD]RQDGDGRVXYDORUFLHQWt¿FR
Palabras clave: Cuenca de Valsequillo, Tefra 
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resistividad, sondeos eléctricos verticales, centro 
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Abstract
Initial results of an electrical resistivity survey of the 
volcano-sedimentary sequence of the Valsequillo 
basin in central Mexico are presented. The volcano-
sedimentary deposits preserve rich paleontological, 
paleoclimatic and paleoenvironmental records, 
which include extinct megafauna remains 
associated with human artifacts. The report of 
possible 38 ka old human footprint tracks in 
the Xalnene tuff attracted renewed interest in 
the basin stratigraphy. We examine the shallow 
stratigraphic sequence in the Xalnene tuff outcrop 
plain northwest of Cerro Toluquilla volcano using 
vertical resistivity soundings (VES). Inversion 
models of VES soundings show a layered structure 
of high and low resistivity units, which characterize 
WKH;DOQHQHWXIIODFXVWULQHDQGÀXYLDOVHGLPHQWV
and volcanic rocks. 2-D resistivity cross sections 
document three major units corresponding to 
WKH;DOQHQH WXIIDQGVHGLPHQWV¿OOLQJDP
deep basin lying on volcanic rocks. Resistivity 
models provide further support for the association 
of Xalnene tuff with the Toluquilla volcano and 
emplacement of the pyroclastic deposits on a 
shallow lacustrine environment. The resistivity 
cross sections constrain the thickness of the 
tuff layers and underlying lacustrine sediments. 
2EVHUYDWLRQV GXULQJ WKH GDWD DFTXLVLWLRQ ¿HOG
work provide insight on the possible origin of the 
apparent tracks, which seem to develop from 
erosion processes acting on quarrying marks. 
Further analysis and experimental evidence is 
required to understand the morphology and 
weathered patterns. The tuff layers are being 
removed by quarrying operations and the outcrops 
significantly altered. Adequate conservation 
measurements should be implemented to preserve 
WKHGHSRVLWVIRUVFLHQWL¿FUHVHDUFK
Key words: Valsequillo basin, Xalnene tuff, 
stratigraphy, electrical resistivity survey, vertical 
resistivity soundings, central Mexico.
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Introduction
Finding of apparent human footprint tracks in 
the Xalnene tuff in the Valsequillo basin, central 
Mexico sparked renewed interest on the basin 
volcano-sedimentary sequences (González et 
al., 2006a,b). The possible footprint tracks are 
preserved in an indurate ash layer associated 
with Cerro Toluquilla monogenetic volcano (Figure 
1). The tuff was dated at 38 ka using optical 
stimulated luminescence (OSL). The implications 
for an early presence of humans in the Americas 
(Goebel et al., 2008; Urrutia-Odabachian and 
Urrutia-Fucugauchi, 2011) promptly attracted 
further studies on the nature of the tracks, age 
of eruption and stratigraphy of the volcano-
sedimentary deposits. Renne et al. (2005) 
reported Ar/Ar dates of 1.3 Ma, challenging the 
interpretation as possible human footprint tracks. 
Further radiometric and magnetostratigraphic 
studies were conducted, which have supported 
an old age for the Xalnene tuff (Feinberg et al., 
2009). Re-analyses of the tracks have questioned 
an origin as human tracks (Morse et al., 2010). 
The studies have highlighted the interest in the 
volcano-sedimentary sequences in the Valsequillo 
basin. Here we present the initial results of a 
geophysical study of the basin, with the inversion 
models from electrical resistivity soundings of the 
ODFXVWULQHÀXYLDODQGYROFDQRFODVWLFGHSRVLWV LQ
the Xalnene tuff outcrop plain (Figure 1). 
Electrical resistivity soundings appear well 
suited for shallow stratigraphic investigations of 
the volcano-sedimentary deposits, with vertical 
resistivity contrasts associated with the different 
lithologies and fluids in stratified deposits. 
Electrical resistivity surveys have been applied to 
geohydrology, geological mapping, geotechnical 
and archaeological prospecting and mineral 
deposits exploration (e.g., Keller and Frischknecht, 
1966; Roy and Apparao, 1971; Zhdanov and 
Keller, 1994; Urrutia-Fucugauchi, 1992; Loke 
and Barker, 1996a,b; Marin et al., 1998). Vertical 
electrical resistivity soundings (VES) have been 
used to investigate the underground structure and 
stratigraphy of sedimentary sequences in different 
geologic settings.
The Valsequillo volcano-sedimentary sequences 
have long been investigated because of the rich 
paleontological and archaeological remains 
(e.g., Malde, 1968; Szabo et al., 1969; Steen-
McIntyre et al., 1981; González et al., 2006a). 
Studies conducted in the 1960’s as part of a 
joint project between Harvard University and 
University of Puebla documented evidence for 
extinct megafauna remains associated with 
KXPDQ DUWLIDFWV 5HFRQQDLVVDQFH ¿HOG VXUYH\V
and excavations reported occurrence of fossil 
remains of mammoth, mastodon, camel, horse, 
four-horned antelope, saber-toothed tiger, and 
GLUH ZROI LQ ¿YH GLIIHUHQW ORFDOLWLHVPDLQO\ LQ
the Tetela peninsula of the Valsequillo dam 
Figure 1. Valsequillo 
basin study area, 
central Mexico. (a) 
Schematic map of 
the Valsequillo dam 
reservoir. Study area 
is in the northern 
sector (González 
e t  a l .,  2006a ) . 
(b )  Loca t i on  o f 
UHVLVWLYLW\SUR¿OHVLQ
the Xalnene outcrop 
plain (base map is 
a Google Landsat 
satellite image). 
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reservoir. Along the shores of the Valsequillo 
GDPEXLOWLQÀXYLDOODFXVWULQHWHSKUDVDQG
volcanoclastic deposits are exposed, with fossil 
remains recovered from the Valsequillo gravels. 
Xalnene Tuff and Toluquillla volcano 
González et al. (2006a) reported an emplacement 
age for the Xalnene tuff of 38.04 + 8.57 ka based 
on OSL dating, which lead to the proposal that 
humans were present in central Mexico by around 
40 ka ago. This interpretation was challenged 
by Renne et al. (2005) based on Ar/Ar dates on 
the basaltic lapilli retrieved from the tuff, with a 
mean age of 1.30 + 0.03 Ma. Renne et al. (2005) 
also presented paleomagnetic evidence, with 
reverse paleomagnetic directions for the Xalnene 
tuff, which were correlated to the Matuyama 
C1r.2r chron. González et al. (2006a, b) argued 
that the lapilli in the tuff could be reworked or 
inherited, resulting in heterogeneous material 
not suitable for dating. They also suggested 
that the paleomagnetic record could result 
from self-reversal phenomena or related to the 
Laschamp subchron in agreement with the 40 
ka age. Gogichaishvili et al. (2007) reported 
intermediate directions for the Xalnene tuff and 
low paleointensities for Cerro Toluquilla volcano 
lavas, interpreted in terms of the Laschamp 
subchron.
Feinberg et al. (2009) reported additional 
paleomagnetic data from lava samples of Cerro 
Toluquilla volcano and from individual lapilli grains 
in the Xalnene tuff, which yield reverse directions. 
They conclude that the Xalnene tuff has not been 
disturbed since emplacement by re-working 
associated with wave action in the lake shore. 
Feinberg et al. (2009) also report additional Ar/
Ar dates for Toluquilla lavas, with a mean age 
of 1.29 + 0.02 Ma, supporting the date for the 
Xalnene tuff. The nature of the fossil evidence, age 
dating and stratigraphy are being examined using 
different methods and approaches (e.g., Renne et 
al., 2005, González et al.,2006a,b; Duller, 2006; 
Gogichaishvili et al., 2007; Feinberg et al., 2009; 
Urrutia Fucugauchi et al., 2012). 
Electrical Resistivity Survey
The shallow stratigraphy underlying the Xalnene 
ash deposits was investigated using vertical 
HOHFWULFDOUHVLVWLYLW\VRXQGLQJVDORQJWZRSUR¿OHV
in the tuff outcrop in the area with the apparent 
human and animal footprint tracks (Figure 1). 
Survey area is located northwest of Toluquilla 
volcano and north of the Valsequillo reservoir.
The local basement for the volcano-sedimentary 
sequences is the Balsas Group (Figure 2b), 
which is a continental red bed sequence that is 
widespread in central and southern Mexico. Age 
of the Balsas Group ranges from Late Cretaceous 
to Eocene. González et al. (2006a) summarized 
the stratigraphy, with older deposits in the 
eastern sector, east of the Barranca Calpulapan 
are the Zacachimalpa or Calpulapan tuffs and 
lake sediments and the Ixcalo lavas. The lower 
Figure 2. Cerro Toluquilla vol-
cano and Xalnene tuff. View of 
Cerro Toluquilla volcano from 
the Xalenene quarry. (b) Cross 
section showing subsurface 
stratigraphy (González et al., 
2006a).
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local lacustrine sequence then lies above the 
Ixcalo lavas or in the study area appears directly 
on top of the Balsas red beds. The Xalnene tuff 
serves as a local marker to separate the lacustrine 
sequence into a lower and upper sequence. Lahar 
deposits are interbedded within the lacustrine 
sediments. The fossil-bearing Valsequillo gravels 
and colluviums deposits correlate with the upper 
lacustrine sequence and are then above the 
Xalnene tuff.
The Xalnene quarry is characterized by an 
extended outcrop of the tuff that covers the 
VXUIDFH)LJXUH,QWKHRXWFURSWKHWXIILVÀDW
lying and formed by a succession several meters 
thick of multiple gradded tuff layers of coarse 
ODSLOOLLQWHUEHGGHGZLWK¿QHDVK7KH;DOQHQHWXII
has been described in González et al. (2006 a, 
b) and Feinberg et al. (2009) and studies cited 
therein. The Xalnene tuff is a moderately indurate 
olivine basalt lapilli tuff deposited from eruption 
of Cerro Toluquilla.
The electrical resistivity survey was carried 
out using vertical resistivity soundings with 
WKH 6FKOXPEHUJHU HOHFWURGH FRQ¿JXUDWLRQ 7KH
instrument used is a Siscal resistivity meter 
equipped with a portable electronic acquisition 
XQLW 9(6 SUR¿OHV DUH RULHQWHG DORQJ WKH ORQJ
dimension in the Xalnene tuff outcrop, to permit 
WKHODUJHUHOHFWURGHDSHUWXUHV7KHSUR¿OHVZHUH
oriented towards the slope of Toluquilla volcano 
(Figures 1b and 2a), with current electrode 
apertures up to 30 and 40 m.
5HVLVWLYLW\9(6SUR¿OHFXUYHVVKRZDPDUNHG
change in shape approaching the volcano slopes, 
indicating low to high resistivities, suggesting 
a change in subsurface structure. The VES 
soundings are quantitatively modeled using 
inversion procedures described in Edwards (1977) 
and Locke and Barker (1996a, b). VES data 
inversions are carried out using the RES2DINV 
GISCO software version 3.2 and IPI2WIN software 
version 3.01 (Edwards, 1977; Shevnin and Modin, 
7KHLQYHUVLRQDVVXPHVKRUL]RQWDOVWUDWL¿HG
layers with vertical resistivity contrasts. Inversion 
models permit to estimate the thickness of the 
OD\HUVDQGUHVLVWLYLW\YDOXHV7KUHHWR¿YHOD\HU
models are used in the inversion procedure. 
Examples of VES curves showing the different 
curve types and inversion models are shown in 
Figure 3. 
Figure 3. Representative examples of vertical electrical soundings (VES) in Xalnene tuff plain. The inversion models 
are included in the blue lines.
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Resistivity cross sections are constructed 
from the SEVs (Figure 4). Cross sections show 
occurrence of a high resistivity zone which is 
associated with volcanic rocks from the Toluquilla 
volcano. The volcanic rocks form the basement 
WRWKHODFXVWULQHDQGÀXYLDOGHSRVLWVUHSUHVHQWHG
by lower resistivity contrasts. The zone of low 
resistivities is associated with the Lower lacustrine 
sequence, with a thickness up to ~25-30 m. The 
lacustrine sequence gets thinner towards the 
Toluquilla volcano (Figure 4). The Xalnene tuff 
is characterized by intermediate resistivities. 
Intermediate resistivities may indicate ash and 
pyroclastic layers, although this is not well 
constrained in the models.
Discussion
The vertical electrical resistivity soundings assist 
in reconstructing the lake basin topography and 
the construction of Cerro Toluquilla volcano. 
The electrical resistivity cross sections provide 
indications on the lacustrine sequences and the 
S\URFODVWLFÀRZVDQG;DOQHQHWXII
Eruption of Toluquilla volcano probably started 
underwater in the former lake, with eventual 
rising of a subaerial cone above the water level 
DQGHPSODFHPHQWRIODYDÀRZV7KH;DOQHQHWXII
was probably emplaced as subaqueous density 
ÀRZVDQGVXEDHULDOEDVHVXUJHV,QWKHTXDUU\LQJ
trenches and pits, individual tuff layers visible by 
alternations of thin ash layers are between 1 and 
10 cm thick. Ash layers contain baked, orange, 
sandy-silty, angular fragments derived from the 
lower lake sediments (González et al., 2006a, b). 
The lake sediments above the Xalnene tuff display 
evidence of shallow water re-working possibly 
due to lake level changes. Presence of palagonite 
surfaces suggests hot ash emplacement in water.
The resistivity cross sections constrain the 
thickness of the tuff layers and underlying 
lacustrine sediments. Inversion models of VES 
soundings show a layered structure of high and low 
resistivity units, which characterize the Xalnene 
WXIIODFXVWULQHDQGÀXYLDOVHGLPHQWVDQGYROFDQLF
rocks. 2-D resistivity cross sections document 
three major units corresponding to the Xalnene 
Figure 4. Resistivity cross section in the Xalnene tuff plain. Note that the vertical depth scales in the resistivity cross 
sections are not linear.
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WXIIDQGVHGLPHQWV¿OOLQJDPGHHSEDVLQO\LQJ
RQWKHYROFDQLFÀRZVIURPWKH7ROXTXLOODYROFDQR
(Figure 4). Resistivity models link the Xalnene tuff 
and underlying volcanic rocks with the Toluquilla 
volcano. González et al. (2006a) estimated a 
thickness for the Xalnene tuff of about 5.4 m 
close to Cerro Toluquilla and thinning down to 10 
cm some 4 km to the northwest. The resistivity 
cross sections image the lower lacustrine unit and 
the pyroclastic deposits, deposited in a shallow 
lacustrine environment. González et al. (2006a, 
b) suggested that if ash layers are interbedded 
with the lacustrine sediments, then lacustrine 
sedimentation alternated with volcanic activity 
episodes. The resistivity cross sections do not 
permit to resolve alternations of ash and lacustrine 
sediments (Figure 4).
The Xalnene tuff is being quarried for 
construction and ornamental material (Figure 5). 
The tuff layers are being removed by quarrying 
RSHUDWLRQVDQGWKHRXWFURSVVLJQL¿FDQWO\DOWHUHG
(Figure 5b, c). Taking into consideration the 
rich paleontological and paleoenvironmental 
record preserved in the volcano-sedimentary 
deposits, it is proposed that adequate conservation 
measurements should be implemented. It is 
proposed that the Valsequillo basin should be 
granted status of a national geological heritage 
park.
Morse et al. (2010) reported a re-examination 
of the apparent footprint tracks, and compared 
the observations with other footprint-bearing 
sites. They concluded that the footprint tracks 
in the Xalnene tuff are not consistent with the 
morphology and characteristics of known tracks 
and are of questionable origin, suggesting 
that the marks in the tuff originated from the 
quarrying activities. Quarrying been carried out 
using manual and machine methods, using hand 
picks and a mechanical excavator. From our 
REVHUYDWLRQV GXULQJ WKH GDWD DFTXLVLWLRQ ¿HOG
work, we consider the proposal by Morse et al. 
Figure 5. Views of the Xalnene tuff. (a) View of the quarry zone investigated by the resistivity soundings. (b, c) Views 
of the quarry operations, showing the trenches and the slabs cut from the ash layers. (d) View of marks left from 
TXDUU\RSHUDWLRQVPRGL¿HGE\HURVLRQD9LHZRIPDUNVSURGXFHGE\WKHPHFKDQLFDOH[FDYDWRUSDUWO\HURGHG7KH
incision pattern with parallel groves can be observed. 
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(2010) a likely explanation. The apparent tracks 
seem to develop from erosion processes acting 
on quarrying marks. The mechanical excavator 
produces deep incisions (Figure 5d), which are 
HURGHG DQGPRGL¿HG 7KH H[WUDFWLRQ LQYROYHV
excavating trenches and is directed to cutting 
slabs (Figure 5b, c), which results in an apparent 
regular pattern, plus the waste material and gaps 
in between trenches. The surface layer is altered 
and eroded and linear features and other marks 
OHIWE\WKHTXDUU\LQJDFWLYLWLHVPLJKWEHPRGL¿HG
into intermittent marks. However, isolated 
marks and linear incisions can be observed at 
various parts of the surface. A clear pattern for 
WKHPRGL¿FDWLRQ SURFHVV LV QRW DSSDUHQW DQG
further analyses and experimental evidence are 
needed. Experiments may help understanding the 
morphology and weathered patterns.
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